In this study, we report lipid biomarker patterns and phylogenetic identities of key 29 microbes mediating anaerobic oxidation of methane (AOM) communities in active mud 30 volcanos (MVs) on the continental slope of the Canadian Beaufort Sea. The enriched δ 13 C 31 values of total organic carbon (TOC) as well as lipid biomarkers such as archaeol and 32 biphytanes (BPs) relative to δ 13 C CH4 values suggested that the contribution of AOM-related 33 biomass to sedimentary TOC was in general negligible in the Beaufort Sea MVs investigated. 34
sediment (e.g. Kopf, 2002) ; they were designated by their water depths (Blasco et al., 2013; 69 Saint-Ange et al., 2014). Previous investigations of MVs in the Beaufort Sea based on 70 sediment cores, detailed mapping with an autonomous underwater vehicle (AUV), and 71 exploration with a remotely operated vehicle (ROV) showed that these MVs are young, 72 active edifices characterized by ongoing eruptions (Paull et al., 2015) . The gas ascending via 73
these MVs consists of >95 % CH 4 with δ 13 C CH4 values of -64 ‰, indicating a microbial 74 source (Paull et al., 2015) . Colonized siboglinid tubeworms and white bacterial mats, the first 75 evidence of living chemosynthetic biological communities, were reported from MV420 76 (Paull et al., 2015) . Although detailed bathymetric mapping and methane-rich fluid dynamics 77 are comparably well invesitgated, the biogeochemical processes related to the archaeal-78 associated anaerobic oxidation of methane (AOM) have not yet been investigated in the MV 79 systems of the Beaufort Sea. 80 In this study, we investigated three sediment cores recovered from active MVs on the 81 continental slope of the Canadian Beaufort Sea during the ARA05C expedition with the R/V 82 Araon in 2014. Bulk chemical compounds, specific archaeal lipids and their stable carbon 83 isotopic compositions were investigated in order to characterize the anaerobic oxidation of 84 methane (AOM) communities in the MV sediments. We compared biogeochemical 85 parameters with the diversity of archaea. Using integrated lipid and nucleic acid analyses, our 86 study sheds light on the specific archaeal communities involved in AOM at active MVs in the 87 Canadian Beaufort Sea. pressure of 7.6×10 6 Pa. The total lipid extract was dried over anhydrous Na 2 SO 4 and was 119 treated with tetrabutylammonium sulfite reagent to remove elemental sulfur. The aliquot was 120 chromatographically separated into apolar and polar fractions over an Al 2 O 3 (activated for 2 h 121 at 150°C) column with solvents of increasing polarity. The apolar fraction was eluted using 122 hexane:DCM (9:1, v:v), and the polar fraction was recovered with DCM:MeOH (1:1, v:v) as 123 eluent. After column separation, 40 μl of 5α-androstane (10 μg/mL) were added to the apolar 124 fraction as an internal standard. The polar fraction was divided into two splits, to which either 125 C 22 7,16-diol (10 μg/mL) or C 46 GDGT (10 μg/mL) was added as an internal standard. The 126 half of the polar fraction containing C 22 7,16-diol was dried and silylated with 25 μL N,O-127 bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 25 μL pyridine before being heated at 128 60°C for 20 min to form trimethylsilyl derivatives. The half of the polar fraction containing 129 C 46 GDGT was re-dissolved by sonication (5 min) in hexane:isopropanol (99:1, v:v) and then 130 filtered with a 0.45-μm PTFE filter. Afterwards, an aliquot of the filtered fraction was treated 131 injected under constant flow at an initial oven temperature of 70°C. The GC oven 141 temperature was subsequently raised to 130°C at a rate of 20°C/min, and then to 320°C at 142 4°C/min with a final hold time of 15 min. Concentrations were obtained by comparing the 143 peak area of each compound with that of 5α-androstane for the apolar fraction and C 22 7,16-144 diol for the polar fraction. Compound identifications for the apolar, silylated and BP polar 145 fractions were conducted using a Shimazu GC connected to a GCMS-QP2010 mass 146 spectrometer (MS) (Shimazu Corporation, Kyoto, Japan) operated at 70 eV (cycle time of 0.9 147 s, resolution of 1000) with a mass range of m/z 50-800. The samples were subjected to the 148 same temperature conditions and capillary column described for GC analysis. Molecular 149 structures were determined by comparing their mass spectral fragmentation patterns and 150 retention times with previously published data. 151
An aliquout of the filtered polar fractions was analyzed by high-performance liquid 152 chromatography-atmospheric pressure positive ion chemical ionization-mass spectrometry 153 using an Agilent 6120 Series LC/MSD SL system (Agilent Technologies, Santa Clara, CA) 154 equipped with an auto-injector and Chemstation chromatography manager software. 155
Separation was achieved on two UHPLC silica columns (2.1 × 150 mm, 1.7 μm), fitted with 156 2.1 × 5 mm pre-column of the same material and maintained at 30°C . Injection volumes 157 varied from 1 L. GDGTs were eluted isocratically with 82% A and 18% B for 25 min, 158 followed by a linear gradient to 35% B over 25 min, then to 100% B over 30 min, and finally 159 maintained for 20 min, where A = hexane and B = hexane:2-propanol (90:10, v:v). The flow 160 rate was 0.2 mL/min, with a total run time of 90 min. After each analysis, the column was 161 cleaned by back-flushing hexane:2-propanol (90:10, v:v) at 0.2 mL/min for 20 min. 162
Conditions for APCI-MS were as follows: nebulizer pressure 60 psi, vaporizer temperature 163 400°C, drying gas (N 2 ) flow 6 mL/min and temperature 200°C, capillary voltage -3.5 kV, 164 Schouten et al. (2007) . GDGTs were quantified by 166 integrating peak areas and using the internal standard according to Huguet et al. (2006) . 167 168 2.5 Compound-specific stable carbon isotope analysis 169
The  13 C values of selected compounds were determined by GC/combustion/isotope 170 ratio mass spectrometry (GC-C-IRMS), as described by Kim et al. (2017) . An IRMS 171 (Isoprime, GV Instruments, UK) was connected with a GC (Hewlett Packard 6890 N series, 172
Agilent Technologies, Santa Clara, CA) via a combustion interface (glass tube packed with 173 copper oxide (CuO), operated at 850°C). The samples were subjected to the same 174 temperature conditions and capillary column described for the GC and GC-MS analyses. Indiana University). The correlation coefficients (r 2 ) of the known δ 13 C values of certified 180 isotope standards with the average values of the measured samples were higher than 0.99. In 181 the case of silylation of alcohols for δ 13 C measurement, values need to be corrected for the 182 addition of an Si(CH 3 ) 3 group during the derivatization procedure. In this study, the δ 13 C 183 value of the BSTFA was determined (-19.3±0.5 ‰). In order to monitor the accuracy of the 184 measurements, standards with known δ 13 C values were repeatedly analyzed every 5-6 sample 185 runs. Standard deviations of carbon isotope measurements were generally better than ±0.4 ‰, 186
as determined by repeated injections of the standard. Preprocessing and denoising were conducted using PyroTrimmer (Oh et al., 2012) . 207
Sequences were processed to remove primer, linker, and barcode sequences. The 3′ ends of 208 sequences with low quality values were trimmed when the average quality score for a 5-bp 209 window size was lower than 20. Sequences with ambiguous nucleotides and those shorter 210 than 250 bp were discarded. Chimeric reads were detected and discarded using the de novo 211 Bulk geochemical data are summarized in Supplementary Information Table S1 . Overall, 227 the TOC contents of core sediments from MV282, MV420 and MV740 ranged from 1.2-1.5 228 wt.%, 1.0-1.3 wt.%, and 1.1-1.3 wt.%, respectively, but did not vary systematically with core 229 depths. Similarly, δ 13 C TOC values in MV282, MV420 and MV740 showed little variation, 230
with average values of -26.30.07 ‰, -26.20.05 ‰, and -26.30.06 ‰, respectively. 231
In polar component analysis, the isoprenoid dialkyl glycerol diethers (DGDs) archaeol 232
phytanyl-sn-glycerol) were identified in all three MVs (Fig. 2) ; their concentrations were 234 0.03-0.09 μg/g and 0.01-0.13 μg/g, respectively ( Fig. 3 , see also Table S1 ). Sn-3-235 hydroxyarchaeol was only identified in MV282 and MV420; concentrations were 0.01-0.08 236 Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-91 Manuscript under review for journal Biogeosciences Discussion started: 4 April 2018 c Author(s) 2018. CC BY 4.0 License. μg/g ( Fig. 3 , see also Table S1 ). Among non-isoprenoid DGDs, DGD (If) with anteiso 237 pentadecyl moieties attached at both the sn-1 and sn-2 positions was identified in three MVs. 238
The concentrations of non-isoprenoid DGD (If) ranged from 0.06 to 0.25 μg/g ( Fig. 3 , see 239
also Table S1 ). Isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs) containing 0 to 3 240 cyclopentane moieties (GDGT-0 to GDGT-3) and crenarchaeol which, in addition to 4 241 cyclopentane moieties, contains a cyclohexane moiety, were detected in all samples 242 investigated ( Fig. 4) . Overall, the isoprenoidal GDGTs were dominated by GDGT-0 and 243 crenarchaeol, with concentrations of 0.02-0.19 μg/g and 0.02-0.25 μg/g, respectively, 244
whereas GDGT-1 and GDGT-2 showed much lower concentrations (0.02 μg/g) in the three 245
MVs. In apolar component analysis, we could not detect the irregular, tail-to-tail linked 246 isoprenoid acyclic C 20 (2,6,11,15-tetramethylhexadecane, crocetane) and C 25 (2,6,10,15,19-247 pentamethylicosane, PMI) hydrocarbons. 248
At the three MVs, the δ 13 C values of archaeol and sn-2-hydroxyarchaeols ranged from -249 79.8 to -38.5 ‰ and from -113.9 to -82.1 ‰, respectively ( Fig. 3 , Table S1 ). The δ 13 respectively (see Table S1 and Fig. S1 ), without the negative isotopic excursion that has often 287 been associated with methane-derived biomass from AOM in MVs (Table  323 S1) were generally more enriched than the δ 13 C CH4 value of about -64 ‰ (Paull et al., 2015) . 324
These lines of evidence confirm that the isoprenoid GDGT inputs from methanotrophic 325 archaea were low in the investigated sediments. 326
However, although the AOM contribution to the bulk sedimentary TOC pool is rather 327 low, we identified sn-2-hydroxyarchaeol among isoprenoid DGDs in all three MV sediment 328 cores as AOM-related biomarkers (Fig. 3) . Sn-3-hydroxyarchaeol, an isomer of sn-2- Blumenberg et al. (2004) showed that microbial mats dominated by ANME-2 at the cold 369 seeps of the northwestern Black Sea contained higher amounts of sn-2-hydroxyarchaeol 370 relative to archaeol, whereas archaeol was more abundant than sn-2-hydroxyarchaeol in 371 microbial mats dominated by ANME-1. Consequently, the ratio of sn-2-hydroxyarchaeol to 372 archaeol was proposed as a tool to distinguish ANME-1 (0-0.8) from ANME-2 (1.1-5.5). 373
This ratio for ANME-3 (2.4) fell within the range of ANME-2 (Niemann et al., 2006; 374 Niemann and Elvert, 2008) . In our dataset, the concentration of sn-2-hydroxyarchaeol was 375 generally slightly higher than that of archaeol in MV282, but lower in MV420 and MV740 376 ( Fig. 3 , see also Table S1 ). Accordingly, the sn-2-hydroxyarchaeol/archaeol ratio was 377 between 1.3 and 1.8 in MV282, but below 0.7 for most of the samples from MV420 and 378 MV740, except for at depths of 0.7 m (1.4) in MV420 and 0.4-0.6 m (0.9-1.1) in MV740 379 ( Fig. 3 , see also Table S1 ). This observation suggests that ANME-2 (or ANME-3) was origin from methanogenesis rather than AOM. Hence, it appears that the ratio of sn-2-387 hydroxyarchaeol to archaeol was generally high in all investigated MVs, hinting a neglegible 388 involvement of ANME-1 in AOM even in MV420 and MV740. Previous studies (e.g. 389 Blumenberg et al., 2004; Stadnitskaia et al., 2008a, b) showed that GDGTs were mostly 390 abscent in ANME-2-dominated settings, whereas GDGTs were detected in ANME-1-391 dominated settings with the predominance of GDGT-1 and GDGT2. Hence, a supporting 392 evidence for the absence of ANME-1 in the investigated MVs can be found from the GDGT 393 distributions (Fig. 4) , showing a clear dominance of GDGT-0 and crenarchaeol over GDGT-1 394 and GDGT-2. Hence, our lipid data indicate that ANME-2 and/or ANME-3 are involved in 395 AOM in the Beaufort Sea MVs investigated but not ANME-1. However, we could not detect 396 crocetane, a diagnostic irregular isoprenoidal hydrocarbon for methanotrophic archaea 397 associated with ANME-2 (Elvert et al., 1999) as well as PMIs which are structurly similar to 398 crocetane produced by both ANME-2 and ANME-3 (Niemann and Elvert, 2008) so that 399 further chemotraxonomic distinction of the dominant ANME groups can not be done. 400 dominated the archaeal communities, accounting for up to 99.2 % (see Fig. S2 ). 405
Methanomicrobia of the phylum Euryarchaeota, which contains the order Methanosarcinales, 406 was more abundant in the upper depths of the MV sediment cores than the lower depths (see 407 Table S3 and Fig. S2 ). For clarifying the phylogenetic position within the class 408
Methanomicrobia including both methanogens and methanotrophs, phylogenies of the three 409 most dominant (more than 1 % of all archaeal sequences) Methanomicrobia OTUs (c116, 410 c1698, and c1784), were inferred from 16S rRNA gene sequences (Supplementary 411
Information Table S3 ). The OTU c116 represented 2.5-14.1 % and 0.2-6.7 % of the archaeal 412 sequences at core depths of 0.0-0.2 m in MV282 and 0.1-1.1 m in MV420, respectively, 413 whereas this OTU was less than 0.2 % at MV740 (Supplementary information Table S3 ). The 414
OUT c1698 accounted for more than 1 % of the archaeal sequences at the surface of MV282 415 but was absent at other MVs. The OTU c1784 accounted for 1.2-6.8 % and 3.7-14.9 % of the 416 archaeal sequences at core depths of 0.0-0.2 m in MV282 and 0.4-0.6 m in MV740, 417 respectively. In contrast, this OTU was rarely detected at all depths of MV420, except for at 418 the depth of 0.7 m. The OTUs c116 and c 1698 belonged to ANME-3 archaeal lineage and 419 the OUT c1784 formed a cluster with sequences of ANME-2c, a distict lineage of 420 Methanosarcinales (Fig. 5) . Hence, the occurrence of AOM related to ANME-2 and ANME-3 421 inferred from the AOM-related lipid data could be confirmed by 16S rRNA-specific analysis 422 for ANME groups, while ANME-1 sequences were not retrieved from the Beaufort Sea MVs 423 divided into three subgroups, ANME-2a, ANME-2b, and ANME-2c (e.g. Orphan et al., 2001; 429 Knittel et al., 2005) . In the Beaufort Sea MVs, the ANME-2c subgroup was detected (Fig. 5) . 430
A previous study at Hydrate Ridge (Cascadia margin off Oregon, USA) showed that ANME-431 2c was dominant at symbiotic clam Calyptogena sites, accounting for >75 % of the total 432 ANME-2, whereas ANME-2a was the most abundant at sulfide-oxidizing bacterium 433
Beggiatoa sites, accounting for up to 80 % (Knittel et al., 2005) . Other studies at Hydrate 434
Ridge showed that the fluid flows and the methane fluxes from the seafloor were 435 substantially weaker at Calyptogena sites than at Beggiatoa sites (e.g. Tryon et al., 1999; 436 Sahling et al., 2002) . Hence, it seems that ANME-2c has a preferential niche in habitats with 437 lower methane fluxes. 438
The thermal gradients in our study area (see Paull et al., 2015) were substantially higher 439 in the MVs (517.7 mK/m in MV282, 557.9 mK/m in MV420, and 104.3 mK/m in MV740) 440 than in the reference site (28.9 mK/m). In general, high geothermal gradients were observed 441 where methane emission activities were high, as reported at Dvurechenskii MV (Feseker et 442 al., 2009 ) and Haakon Mosby MV (Kaul et al., 2006) . Accordingly, among the MV sites, the 443 methane flux appeared to be the highest at the MV420 site. Indeed, we found a lower 444 abundance of ANME-2c in MV420 than in MV282 and MV740 (Fig. 5 , see also Table S3 ). 445
The MV740 site had the lowest thermal gradient of the MV sites, and thus probably the 446 lowest methane flux, which is consistent with the presence of the gas hydrate flake at 230 cm 447 in the MV740 sediment core (see Fig. 1D , Paull et al., 2015) . At this MV site, ANME-2c 448 occurred at a deeper core depth (0.3-0.7 m) than at the MV282 site (0.0-0.3 m, see also Table  449 S3). This might be linked to the lower methane flux at the MV740 site than at the MV282 site, 
2006). 453
Besides ANME-2c, 16S rRNA gene analyses also revealed the presence of ANME-3 (see 454   Table S3 ). Notably, ANME-3 occurred in MV420 whereas ANME-2c was almost abscent. 455
However, ANME-3 was abscent in MV740 while ANME-2c was present. As mentioned 456 above, the thermal gradient was higher in MV420 than in other MVs. Previously, ANME-3 457 was reported as a dominant cluster of archaeal sequences at Haakon Mosby Mud Volcano 458 located in Barents Sea at the water depth of 1,250 m associated with bacterial Beggiatoa mats, 459
whereas ANME-2 was more closely related to the sites of siboglinid tubeworm colonies 460 (Niemann et al., 2006) . Typically, the fluid flow rates were higher at the sites of the 461
Beggiatoa mats than the siboglinid tubeworm colonies at Haakon Mosby Mud Volcano 462 (Niemann et al., 2006) . Accordingly, it seems that ANME-3 could thrive better in a setting 463 with higher thermal gradients than ANME-2c. 
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